Summary.
In order to elucidate the mechanism of dentin sensitivity, the ultrastructure, distribution and organization of nerve fibers in the pulpodentinal border zone in the teeth of young human subjects were investigated by means of silver impregnation and electron microscopy.
The nerve fibers in this zone were classified into four types by the location of their terminals and pattern of their ramification: the marginal pulpal nerve fibers, the simple predentinal nerve fibers, the complex predentinal nerve fibers and the dentinal nerve fibers. The nerve fibers reached no further than 100 ,um from the odontoblast-predentinal border. The nerve fibers terminated exclusively as free endings, and they were thought to conduct the sense of pain from the corresponding zone. The endings of the predentinal or dentinal nerve fibers were mostly located adjacent to the odontoblastic processes, and this appeared to be a reasonable position for these endings to actively receive the changes in the shape of the processes.
The odontoblastic process and the nerve ending associated with it can be considered to be functionally a mechanoreceptive complex.
In this sense these free nerve endings might be placed in a group different from the free nerve endings in the inner pulp. The mechanoreceptive complex probably plays a central role in the mechanism of dentin sensitivity.
It is suggested that stimuli to dentin first produce the deformation or movement of the odontoblastic processes ; these mechanical changes are transmitted to the nerve endings, and the dentin sensitivity occurs.
Since RAscHKow's report (1835) numerous researchers have investigated the morphology of pulpal nerves mainly by way of various silver impregnation methods. Consequently, the existence of dense innervation in the tooth pulp and generous distribution of the pulpal nerve fibers became clear, and so the morphological basis for the elucidation of mechanism of tooth pain was established.
At the same time, however, some misinterpretations were produced on the microscopic structure and distribution of the pulpal nerve fibers, owing to the difficulty in the fixation of the pulp (BRADLAW, 1939; FEARNHEAD and LINDER, 1956; FURSETH and MJOR,1969) , the limit of light microscopic resolution (FERNANDES-MORAN, 1952; ROBERTIS and SOTELO, 1952; FEARNHEAD,1961) and especially the capricious stainability of nerve fibers in the silver impregnation methods (POWERS, 1952; ISHIHARA, 1965; ARWILL, 1963) . For example, TOYODA (1934) and LANGELAND and YAGI (1972) reported the existence of nerve fibers or nerve-like structures in deeper dentin, which is now almost completely denied. SPRENKEL (1936) further stated that some nerve fibers were distributed in the outer dentin of the root via the periodontal ligament. HARRIMAN (1871) , MUMMERY (1916) , MONTFORT (1920) and KUBOTA 45 T. GUNJI; and KusoTA (1958) reported nerve cells in the pulp. These erroneous reports have caused intolerable confusions for a long time on the consideration of the tooth's pain mechanism, particularly the sensitivity of the dentin.
The transmission electron microscope has recently been introduced in the investigation of the pulpal nerves, gradually revealing their detailed distribution and ultrastructure, so the confusions are about to cease. The following works were especially momentous ones in the field of tooth innervation research: the denial of the direct innervation in deeper dentin (ARWILL, 1967; FRANK, 1968a; CORPRON and AVERY, 1973; FRANK and FRANK, 1972) , the transmission electron microscopic confirmation of nerve fibers in predentin and inner dentin (FRANK, 1966 (FRANK, , 1968a (FRANK, , b, 1969 ARWILL, 1967 ARWILL, ,1968 CORPRON and AVERY, 1973; RoANE et al., 1973; DAHL and MJOR,1973) , and the demonstration by degeneration tests after resection of the inferior alveolar nerves that many of the nerve fibers distributed in the pulpodentinal border zone (internally form the cell rich zone externally to the inner dentin) are sensory (CORPRON, AVERY and Cox,1972; ARWILL et al., 1973) .
However, there are still many unknown matters related to the morphology of the nerves in the pulpodentinal border zone, though they are thought to hold important keys to the question of the receptive mechanism of dentin sensitivity.
The present study aims to elucidate the ultrastructure, intricate distribution and organization of the nerves in this zone by the combined use of light microscopy, scanning and transmission electron microscopy, while considering the receptive mechanism of the teeth.
MATERIAL AND METHODS
Human permanent teeth extracted from young school children 9 to 12 years of age for orthodontic reasons were used in the present study. They were all non-carious premolars.
Light microscopy
After extraction the teeth were fractured longitudinally and bucco-lingually, and fixed in 10°o neutral formalin or Bouin's fluid for 7 or more days. Following decalcification in 5% formic acid and embedding in paraffin wax, serial sections were cut at 10-30 m in thickness. Staining was done according to PowERs' modification (1952) of UNGEWITTER (1951)'s silver impregnation method, which is one of the most reliable methods in staining dental nerve fibers.
Transmission electron microscopy
Immediately after extraction the teeth were cut into small pieces, and were immersed in phosphate-buffered 2% glutaraldehyde-2.5°o formaldehyde mixture (pH 7.2) for 24 hrs at 4° C. Following decalcification in 5% EDTA and post-fixation in l% osmium tetraoxide solution, they were embedded in Epon 812 or Spurr resin. Ultrathin sections 700-1,200 A in thickness were prepared with a Porter-Blum Model MT-1 ultramicrotome, and were doubly stained with uranyl acetate and lead citrate. These sections were examined with a Hitachi HU11D-S transmission electron microscope.
Scanning electron microscopy
Specimens fixed and decalcified as the transmission electron microscopic specimens were fractured according to the cryofracture method by ToKUNAGA et al., (1974) . With the object of removing extracellular matrix in predentin and dentin, the specimens were subsequently treated by enzyme digestion with 1% pepsin solution (buffered at pH 2.8) for 12 hrs. After post-fixation in 1°0 osmium tetraoxide, dehydration, critical point drying and gold coating, they were examined with a Hitachi SSM-2 scanning electron microscope.
RESULTS
A small number of unmyelinated nerve fibers, some of which were considered to be vasomotor autonomic nerve fibers (MATTHEws, DORMAN and BISHOP, 1959; FRANK and FRANK, 1972; AVERY, Cox and CHIEGO, 1980) , and many myelinated nerve fibers entered the pulp canal through the apical foramen, accompanied by blood vessels. The nerve fibers were bundled without being ensheathed in a definite perineurium . Ascending in the root pulp, they branched into numerous nerve fasciculi in the pulp chamber , and losing their myelin sheaths and the accompanying blood vessels, they were distributed to the whole pulp chamber (Fig. 1, 3 ). In the peripheral pulp near the cell-rich zone the nerve fibers formed a densely interlacing network, which is generally called the subodontoblastic nerve plexus (Fig. 2, 4) . The density of the nerve plexus varied . Occasionally it was very clearly observed, on other occasions it could hardly be defined as a nerve plexus. The plexus appeared differently even between teeth from children of the same age. Regional differences were also marked within one tooth . Although a well-developed subodontoblastic nerve plexus was not always present in the teeth of the children, it was recognized as a general tendency that the plexus was comparatively well-developed in the peripheral pulp along the lateral wall of coronal and cervical dentin, and along the occlusal wall of the pulp chamber.
The subodontoblastic nerve plexus was composed mainly of unmyelinated nerve fibers (Fig. 4) . Their axons, which measured 0.1-2.0 hem in thickness, included neurofilaments, neurotubules and mitochondria. Some smaller axons were not always ' Co-existing axons, ~._ 1 partially naked axon, SC Schwann cell, Cf collagen fibrils.
x 20,000 completely enveloped by Schwann cells. It could often be observed that a few axons were bundled in a single cytoplasmic cleft of a Schwann cell, or that some axons partially lost the envelopment, and were exposed to the extracellular space with only an incomplete barrier of an incontinuous basement membrane (Fig. 4 ). These axons with the partial deficiency of the envelopment were found not only in the subodontoblastic nerve plexus but also in the whole pulp chamber (Fig. 3) . They did not completely lose the enclosure of Schwann cells (Fig. 3, 4) . From somewhere in the subodontoblastic nerve plexus or directly from the inner pulp, nerve fibers branched externally towards the odontoblastic layer.
They were distributed in the pulpodentinal border zone, showing a characteristic bead-like structure (Fig. 5-12 ). These nerve fibers are considered conduct the sensory innervation of this zone, and to further play a leading part in the sensory mechanism of dentin.
Though the nerve fibers in the pulpodentinal border zone showed various distribution forms, they could be generally classified into four types on the basis of their terminal locations and the degree of their terminal ramification ( Fig. 5-13 ).
Type 1. Marginal pulpal nerve fibers ( Fig. 13 A) Although the nerve fibers of this category ran from the subodontoblastic nerve plexus or the inner pulp towards the odontoblastic layer, they did not reach the predentin. They ended either in the extracellular spaces of the cell-rich zone, the cell-free zone or the odontoblastic layer (Fig. 5 ). These fibers were most consistently seen in the whole marginal area of the pulp chamber and cervical pulp.
Type 2. Simple predentinal nerve fibers (Fig. 13 B) .
Some nerve fibers reached the odontoblast-predentinal border, or penetrated into predentin through the odontoblastic layer. They ended in the odontoblast-predentinal border or predentin with a comparatively simple distributing pattern: Some ran straight or spirally through a dentinal tubule accompanying an odontoblastic process (Fig. 8, d) , whereas others took a transverse course in the odontoblast-predentinal border or predentin (Fig. 6 , 13 B-a); still others turned back towards the odontoblastic layer (Fig. 7, . These simple predentinal fibers occurred much less frequently than the marginal pulpal nerve fibers, though they seemed to be more common than the complex predentinal nerve fibers or the dentinal nerve fibers. In many cases these nerve fibers were observed to be scattered along the marginal area of the pulp chamber and cervical pulp, showing no definite territories. Certain nerve fibers, like the simple predentinal nerve fibers, reached up to predentin, and there underwent a very complicated terminal ramification similar to the root of a tree ( Fig. 9-11 ). Many small branches spread in every direction and occupied a wide area in the predentin. The area innervated by these intrapredentinal branches which originated from a stem nerve fiber often reached to hundreds or thousands of square microns. This type of nerve fiber was mainly observed along the lateral wall of the pulp chamber, especially along the wall near the cervix.
It must be stated that some simpler ramifications of this category could not always clearly be distinguished from the simple predentinal nerve fibers, and that a clear line of demarcation could not always be drawn between both types of nerve fibers.
The simple and complex predentinal nerve fibers were distributed in the predentin, but sometimes a tip of their intrapredentinal terminal branches penetrated into the dentin over a calcifying front through a dentinal tubule. However, this penetration was limited to within a few micra of dentin ( Fig. 14) , so that they must be discriminated from the dentinal nerve fibers discussed below.
Type 4. Dentinal nerve fibers (Fig. 13 D) .
Some nerve fibers, passing through the predentin, entered the dentin through a dentinal tubule (Fig. 12 ). However, they penetrated into the dentin only for a short distance and never reached the deeper dentin. Their distribution was limited to a range of a hundred micra from the odontoblast-predentinal border. They never ran transversely pulpodentinal border zone. With the electron microscope, these nerves were observed as unmyelinated fibers with Schwann sheaths between the subodontoblastic nerve plexus and the odontoblast-predentinal border (Fig. 15, 16) . Nerve fibers in this region consisted of one or more axons, measuring 0.1-2.0 pm in diameter.
They contained neurofilaments, neurotubules and mitochondria.
Some of the axons were incompletely naked as the Schwann sheath was partly lacking (Fig. 15) . They probably correspond to the terminal or preterminal portions of the marginal pulpal nerve fibers in the extracellular spaces of the cell-rich zone, the cell-free zone or the odontoblastic layer. The author could not find a tight or gap junction between the nerve fibers and the odontoblasts in this region which were reported as occurring by MATTHEws and HOLLAND (1975) and HOLLAND (1977) .
Nerve fibers observed in predentin, i.e., the predentinal nerve and the dentinal nerve fibers, were in most cases completely naked axons (Fig. 17-20) . However, axons enveloped by Schwann cells were rarely observed. The nerve fibers in this area were 0.03-2.0 /-em in diameter, and contained neurofilaments, neurotubules, mitochondria, various microvesicles and dense granules, which were useful in identifying them as nerve fibers 22, (25) (26) (27) (28) . The existence of an accumulation of mitochondria and microvesicles in the swellings of nerve fibers (vide infra) was a definitive criterion under the electron microscope when distinguishing a nerve fiber from an odontoblastic process, which was very poor in intracellular organelles. Electron microscope observation demonstrated nerve fibers accompanying odontoblastic processes, nerve fibers running in the odontoblast-predentinal border or predentin matrix, and nerves with an intrapredentinal ramification ( Fig. 17-20) . These findings substantiated the light microscopic variations and complexity in the distribution of nerves in the predentin. Sometimes many nerve fibers were observed in a tangentially or obliquely sectioned narrow area of the predentin (Fig. 21, 22 ). Presumably they corresponded to a complex predentinal nerve fiber or a gathering of simple predentinal fibers. The scanning electron microscope observation also showed nerve fibers running through the dentinal tubules and nerve fibers transversely coursing in the predentin. Some axonal swellings were clearly recognizable along their course, which are compatible with the bead-like structures seen with the light microscope (Fig. 23, 24) .
Without exception, the dentinal nerve fibers were observed accompanying an odontoblastic process in a dentinal tubule. Their intracellular organelles were identical to those of the predentinal nerve fibers (Fig. 25) . Interestingly, these predentinal and dentinal nerve fibers did not travel at random in the predentin or dentin. While they showed various distribution patterns, they actively approached the odontoblastic processes, and formed a swelling at the part where they encountered them (Fig. 10, 26) . The swellings were classified into 2 types by size: cap-shaped large swellings and elliptical small swellings.
The small swellings could be observed not only in the places adjoining to the odontoblastic processes but often also in other places. The large swellings mostly appeared in association with the obontoblastic processes.
It was the complex predentinal nerve fibers that showed such a typical structure. Each one of the complex fibers could contact several tens or more odontoblastic processes by its intrapredentinal terminal branches. Figure 13 C shows the three-dimensional distribution and organization of the complex predentinal nerve fiber.
Both kinds of swellings usually contained an accumulation of mitochondria and microvesicles (Fig. 27, 28) . A space of 150-300 A in width always lay between the swelling and the odontoblastic process, and this relationship reminded one of a chemical synapse. However, such findings as thickened plasma membranes and accumulated synaptic vesicles on the side of the odontoblastic process, which would suggest a chemical synapse, could not be found. The tight junction which was reported by FRANK (1968 a, b) was also not seen. The predentinal nerve fibers running transversely in the predentin matrix sometimes presented a light microscopic segmentation (Fig. 29) and an electron microscopic myelinization of the axolemma (Fig. 30) . Such findings were obtained particularly in the deepest region of predentin adjacent to the calcifying front. Seemingly they looked like the retrograde degeneration caused by the inward movement of the calcifying front following dentin formation. The subodontoblastic nerve plexus is also called RASCxxow's nerve plexus after J. RASCHKOW, who first discovered it in 1835. Since then many investigators have reported on this plexus (MUMMERY, 1916; WEATHERFORD, 1939; KUBOTA, KUBOTA and KUROE, 1960; FEARNHEAD, 1961; LERANTH and CSANYI, 1967; CORPRON and AVERY, 1973; ITOH, 1976; KOBAYASHI, 1977; HOLLAND, 1980) , and it is now considered to be a fundamental nervous structure in the pulp.
The mechanism that forms the subodontoblastic nerve plexus is not conclusively elucidated.
However, it might be most reasonable to conceive that the pulpal nerve fibers lose space for expansion as a consequence of their continuous growth (FEARNHEAD, 1961) and the continuous diminution of the pulp cavity caused by dentin formation (KUBOTA, KUBOTA and KUROE, 1960) , and so they have to gather in the peripheral pulp. Nevertheless, one wonders It has a few swellings (arrows) on its course.
x 15,000 why the plexus is not formed in a more peripheral area, i.e., the odontoblastic layer or the cell-free zone, than in the cell rich zone. Why is the typical subodontoblastic nerve plexus not observed in the pulp horn? Such questions still remain unsolved. The mechanism of the plexus formation can not be completely accounted for by this hypothesis, and other factors should also be consider ed when explaining it.
Axons with a partial deficiency of Schwann cell sheath were observed in the whole pulp. These partially naked axons were also reported by HOLLAND (1980) in the subodontoblastic nerve plexus of cat's teeth. They are considered to be free sensory endings, except for the fibers accompanying blood vessels which may be the vasomotor autonomic nerve fibers.
In the present study, completely naked axons were not recognized in the pulp, although their existence could not be denied, because the clear distinction between the naked axons and the cytoplasmic processes of fibroblasts was not always easy in the pulp. Some electrophysiological researchers have recently reported electrical couplings in the pulp, and proposed the existence of gap junctions between the axons of the pulpal nerve fibers (MATTHEWS and ORCHARDSON, 1976; MATTHEWS, 1977; LISNEY and MATTHEWS, 1978) . However, in the present study , no kind of specialized junctions was observed between the axons, not to mention gap junctions. Neither did HOLLAND (1980) nor other investigators report such junctions . The physiological researchers probably had better pay attention to the co-existence of more than one axon in a single cytoplasmic cleft of Schwann cell. The only morphological finding suggesting a close relation between the pulpal axons was juxtaposition without an intervention of Schwann cell cytoplasm. 2. The extent of innervation in dentin Previous investigators seem to have been mainly interested in investigating how far the nerve fibers were distributed in the dentin or predentin. Their opinions differed: some papers reported that the nerve fibers could be observed in deeper dentin (DIECK, 1927; TOYODA, 1934; COCKER and HATTON, 1955) , others that they could be traced to shallow or inner dentin (TIEGS, 1938; BERNICK, 1948; FEARNHEAD, 1961; ITCH, 1976) , still others that they were distributed only in predentin (SEALEY, 1932 and KUROE,1960; BERNICK, 1964) , and that they could not be observed at all in the predentin or the dentin (CHASE, 1929; WEATHERFORD, 1939) . As mentioned in the Introduction, however, such a dispute is about to be ended as a result of the application of transmission electron microscopy. Recent electron microscope studies have come to offer a uniform conclusion that direct innervation is limited only to predentin or inner dentin, and is found neither in middle nor outer dentin (ARWILL, 1967; FRANK, 1968a, b; FRANK and FRANK, 1972; CORPRON and AVERY, 1973) . The present results also agree with it.
Nevertheless, it is not yet precisely known to what extent of the inner dentin the nerve fibers may penetrate, because most of the electron microscope studies have not clearly described this. The only concrete data have been provided by FRANK (1968a FRANK ( , b, 1969 who stated that the nerves could be traced to the external limit of the inner third of calcified dentin, approximately 500-800 ~Cm from the odontoblast-predentinal border, demonstrating tight junctions and the complex cytoplasmic inf oldings between the nerve fibers and the odontoblastic processes. However, the "nerve fibers" and their terminal-like structures which FRANK showed do not satisfy the electron microscopic criteria (vide infra) for nerve fibers, so that the author cannot sanction them as nerve fibers. The detailed extent of the distribution of the dentinal nerve fibers was almost unknown.
The nerve fibers which were found in the dentin of 100 ,um in depth in this study must be the deepest nerve fibers electron microscopically proven as such and accurately measured.
As the dentinal nerve fibers could rarely be encountered , and the transmission electron microscope research was limited to their two-dimensional observation in thin sections, it cannot be determined that this 100 ~cm depth is the boundary of their distribution.
In this context, SCOTT and TEMPEL (1963) using electrophysiological methods reported single unit responses from the dentin of a few hundred micra in depth in cat's teeth. FEARNHEAD (1970) , who has published one of the most reliable investigations on the pulpal nerves by silver impregnation, stated that no one had thoroughly traced a nerve fiber for more than 200-300 pm in the dentin. Taking these reports into consideration in addition to the present results, it is assumed that the external boundary of dentinal innervation is 100-200 pm behind the odontoblastpredentinal border.
To sum up, the nerve supply is limited to the innermost layer of dentin, and it is impossible to account for dentin sensitivity only by direct innervation . For clarification of the mechanism of dentin sensitivity, it seems now worthwhile to investigate more minutely the distribution and organization of nerve fibers in the pulpodentinal border zone.
Nerve fibers in the pulpodentinal border zone
In the present study the nerve fibers are morphologically classified into four types .
The marginal pulpal nerve fibers, which were most commonly found in the peripheral area of the coronal and cervical pulp, terminate as incompletely naked axons in the extracellular spaces between the subodontoblastic nerve plexus and the odontoblastpredentinal border. No morphological differences are detected between them and the free nerve endings observed in the inner pulp. Though they are distributed in the pulpodentinal border zone, they are morphologically distinguished from the predentinal and dentinal nerve fibers specialized for the reception of dentin sensitivity. The structure which was reported by HARRIS and GRIFFIN (1968) as an afferent nerve ending in the peripheral pulp seems to belong to the marginal pulpal nerve fibers .
Many of the nerve fibers which have been demonstrated in the predentin by previous light microscopic investigators are the simple predentinal nerve fibers. The nerve fibers which run transversely at various levels of predentin (TIEGS, 1938; BRADLAW, 1939; ISHIHARA, 1965; IToH, 1976) , those which advance straight in dentinal tubules (SEALEY,1932; TIEGS, 1938; COCKER and HATTON, 1955; ARWILL, 1963; ISHIHARA , 1965; ITOH,1976) , and those which loop back towards the odontoblastic layer (BERNICK, 1948 (BERNICK, ,1964 POWERS, 1952; FEARNHEAD, 1961; ARWILL, 1963; IToH, 1976) were confirmed in this study. The nerve fibers which spirally accompany the odontoblastic processes in dentinal tubules were demonstrated in this study for the first time, though ARWILL (1968) and FRANK (1968a, b) speculated on their existence by transmission electron microscopy.
The complex predentinal nerve fibers are of a type that has not been previously reported.
However, it is not that other investigators could not observe them, but that their distribution and organization are so complicated that they could not be grasped precisely. In fact, RIEGELE (1934) , SPRENKEL (1936) , BRADLAW (1936) , FEARNHEAD and UNDER (1956) , HATTYASY (1959) , FEARNHEAD (1961) and other investigators have shown some findings which are considered to indicate the appearances of the tangentially sectioned nerve fibers of this category. Many of these investigators payed their attention only to the transverse spreading of the nerve fibers, so that they erroneously thought that a nerve plexus like the subodontoblastic nerve plexus existed in the odontoblastpredentinal border or predentin.
They thus called the nerves the marginal nerve plexus (supraodontoblastic nerve plexus, subpredentinal nerve plexus) or the intrapredentlnal nerve plexus (SPRENKEL, 1935; BRADLAW, 1936; FEARNHEAD and UNDER, 1956; HATTYASY, 1959) . However, the term nerve plexus should refer to a net work of branching and anastomosing nerve fibers. The organization of the complex predentinal nerve fibers results from many ramifications from one stem nerve fiber, and from the variable distribution of each branch in the predentin.
These branches do not show any intertwining or anastomosis in predentin. Therefore, the complex predentinal nerve fibers do not deserve the term of nerve plexus. It is very incorrect to visualize such a "nerve plexus" to be a fundamental nervous organization in the pulpodentinal border zone as stated by SPRENKEL (1936) , FEARNHEAD and UNDER (1956) and FEARNHEAD (1970) . Especially in the adult human teeth where the predentinal nerve fibers are more numerous than in the young human teeth, a local gathering of predentinal nerve fibers occurs more often and each of the fibers shows more or less conspicuous ramifications, so that the gathering is liable to be mistaken for a nerve plexus.
It is likely that nerve fibers penetrate by their growth from the subodontoblastic nerve plexus to the odontoblast-predentinal border through the comparatively loose extracellular spaces. However, it is still unsolved as to how they can be distributed in the predentin or dentin. There exist two hypotheses on this matter.
One is that they penetrate into predentin or dentin through the dentinal tubule or the predetin matrix by their active growth (growth theory); the other is that nerve fibers in the peripheral pulp are embedded in predentin and dentin with the advance of dentin formation, which is slowly continued throughout life (embedding theory) (WASSERMAN,1939; KUBOTA, KUBOTA and KUROE, 1960; HATTYASY, 1959; ARWILL, 1963) . The present study was not able to come to any conclusion on these thories. However, it would be difficult for nerve fibers to penetrate into the predentin matrix which is formed with densely interlacing collagen fibrils, and the existence of nerve fibers in the odontoblast-predentinal border seems to suggest that the nerve fibers might become embedded into the predentin matrix.
Therefore, the embedding theory is thought to be more reasonable than the growth theory. It is probable, however, that the nerve fibers might increase or decrease in length in the dentinal tubules if their terminal processes are in the tubules.
In particular, the dentinal nerve fibers may be able to alter their lengths in the dentinal tubules with comparative ease.
The degeneration of nerve fibers which was sometimes observed in the predentin matrix immediately beneath the calcifying front, suggests that they are too static to accomodate the inward movement of the calcifying front by actively altering their position, and that they degenerate from its pressure. This suggestion coincides exactly with the finding that nerve fibers could not be shown in the dentin matrix, and supports the embedding theory. Moreover, it indicates that the nerve fibers coursing in the predentin matrix will soon degenerate with the passing of the calcifying front, and the nerve fibers running through the dentinal tubules may be the only ones able to survive.
At the end of this section the morphological criteria of nerve fibers in predentin and dentin are summarized below, which are in agreement with those by FEARNHEAD (1961) , ARWILL (1967 ), FRANK (1968a and CORPRON and AVERY (1973) .
a. For light microscopy (silver impregnation)
1) The nerve fibers in question must be continuous with the intrapulpal nerve fibers. 2) They must be stained so black that they can be distinguished from the pale stained odontoblastic processes and extracellular matrix.
Especially in the dentinal tubules, both the nerve fibers and the odontoblastic processes must be identified at the same time. 4. The mechanism of dentin sensitivity With regard to the sensitivity of middle and outer dentin where there is no direct innervation, some intermediation of stimuli from dentin to nerve fibers must be considered. The odontoblasts have generally been supposed to be the intermediator.
Because their processes are the only cellular structure in the middle and outer dentin, it is most likely that they might intermediate the stimuli from there to the nerve fibers in the pulpodentinal border zone.
However, it still remains obscure as to how the odontoblastic processes transmit stimuli to the nerve fibers. In other words, the relationship between the processes and the nerve fibers is still unsolved. Three hypotheses have been presented in this connection. The first hypothesis is that a chemical synapse exists between them (chemical synapse theory) (AVERY and RAPP,1958) . The second is that an electrical synapse exists (electrical synapse theory) (MATTHEWS and HOLLAND, 1975; HOLLAND, 1977) . The last is that they form no synapse, and the nerves terminate only as sensory free endings in the pulpodentinal border zone (free nerve ending theory) (SPRENKEL,1936; WASSERMAN, 1939; BRANNSTROM, 1960a, b; FRANK and FRANK, 1972) .
The chemical synapse theory can be almost completely discarded because its presence has not been supported by recent transmission electron microscope studies (ARWILL, 1967; FRANK, 1968a FRANK, , b, 1969 FRANK and FRANK, 1972; CORPRON and AVERY, 1973) . Neither did this present study support the theory.
Tight junction or gap junction, which was reported between the odontoblasts and the nerve fibers by FRANK (1968a, b) , MATTHEWS and HOLLAND (1975) and HOLLAND (1977) , is the main morphological basis of the electrical synapse theory.
However, the junctions reported by them cannot be sufficiently identified as those between the odontoblasts and the nerve fibers. Neither the tight junctions reported by FRANK (1968a, b) nor the gap junctions by other investigators can be accepted to be formed between the odontoblasts and the nerve fibers because the cytoplasmic processes which were insisted upon as nerve fibers contained only a few intracellular organelles, and neither mitochondria nor microvesicles were shown. Such cytoplasmic processes cannot be recognized as nerve fibers by the criteria of nerve fibers. They should be regarded as the side processes of the odontoblastic bodies or the cytoplasmic processes of fibroblasts. In fact, STOCKINGER and PRITZ (1970) reported the presence of tight junctions between the odontoblastic bodies and the side processes of the adjoining odontoblasts, or between the odontoblastic bodies and the processes of fibroblasts.
In the present study, specialized junctions were also not observed.
Therefore, the author cannot help calling the electrical synapse theory into question. Even if the tight junctions or the gap junctions truly exist between the odontoblasts and the nerve fibers, their number must be very small and they are probably exceptional structures.
So they are not sufficient for explaining dentin sensitivity.
Ultimately the Free Nerve Ending Theory seems to be most plausible. The nerve fibers of the pulpodentinal border zone are structurally very similar to the sensory free nerve endings shown in the airway WIDDIc0MBE, 1978, 1979) and epidermis (MUNGER, 1965; CAUNA,1966) . The light microscopic bead-like structure of nerve fibers near their termination, and the accumulation of mitochondria and microvesicles within axonal swellings are also observed characteristically in such tissues. The predentinal and dentinal nerve fibers terminate only as sensory free nerve endings, and they probably function as mechanical receptors which receive some changes from their external environment.
In comparison with the general free nerve endings, the nerve fibers of the pulpodentinal border zone show specific organization.
As already mentioned, they do not run at random in predentin and dentin, but they usually approach the odontoblastic processes actively, and they somewhat selectively form large cap-shaped swellings or small elliptical swellings where they meet the processes. Such findings support the assumption that they have certain selectivity for their target-cell as does the taste nerve. Although these swellings are observed not only at the tip of the nerve fibers but also along their course, the swellings can be considered to be a site for accepting mechanical stimuli from the odontoblastic processes, and so to be functionally the sensory free nerve endings of nerve fibers of the pulpodentinal border zone. In other words, the predentinal and dentinal nerve fibers seem to be reasonably organized to perceive the morphological changes of the odontoblastic processes.
In this respect these nerve endings are essentially the same in nature as the general free nerve endings. Therefore, the author advances the Free Nerve Ending Theory one step further and proposes that an odontoblast and one or more free nerve endings coupling with it form a mechanoreceptive complex for dentin sensitivity. Each of the dentinal and predentinal nerve fibers possesses one to tens of complexes in proportion to the degree of their terminal ramification and their transverse spreading, and a series of the complexes can be considered a functional unit. Such receptive complexes are compactly located in the limited space of the dentinal tubule, and are favorably positioned for efficiently receiving the deformation of the odontoblastic processes.
Eventually, the injury or disturbance given to the non-innervated dentin induces the defomation or movement of the odontoblast, especially its process. The morphological changes in the process are received as stimuli by the sensory nerve endings in predentin and inner dentin, so that dentin sensitivity probably results indirectly (Fig.  31) . However, it is questionable whether the injury or disturbance to dentin produces such great changes in the odontoblast, e.g., the aspiration of its nucleus into the dentinal tubule, as to be sufficiently recognized under the light microscope as reported by BRANNSTROM (1950 BRANNSTROM ( ,1960a BRANNSTROM ( , b, 1963 BRANNSTROM ( , 1964 , BRANNSTOM and ASTROM (1964) and JOHNSON (1978) . If such changes arise in vivo, the nerve ending associated with the odontoblastic process might be destroyed as the process and the nerve ending are so closely associated.
In fact, FURSETH and MJOR (1969) reported that the aspiration of the odontoblastic nucleus is often caused by inappropriate histological preparation. Therefore, it is doubtful whether these changes are physiological responses.
Recently some investigators wonder if the odontoblastic process is distributed throughout the thickness of dentin. TsATSAs and FRANK (1972) examined the ultrastructure of human dentin, GARANT (1972 ) studied rat's and cat's dentin respectively, and then they reported that the process reaches only half the thickness of dentin, and that it never exists in the outer dentin. If the area where the odontoblastic process is not distributed actually exists in dentin, then in such an area the process might indirectly receive stimuli through intermediation of the movement of the fluid within the dentinal tubule (Fig. 31) . At any rate, it is undeniable that the receptive complex plays a principal role in the mechanism of dentin sensitivity.
All sensory nerve fibers in the pulpodentinal border zone terminate only as free nerve endings which correspond to what is generally believed to be the receptor for pain. It seems for this reason that dentin always conducts pain in response to different kinds of injuries, e.g., excavation, temperature stimuli and osmopressive stimuli.
The mechanism of production of the action potential, which occurs in the nerve ending after the reception of the morphological changes in the odontoblastic process, is unknown.
However, mitochondria and microvesicles within the axonal swellings of nerve fibers possibly are related to its initiation and the production of energy for their conduction. Fig. 31 . The mechanism of dentin sensitivity.
